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AERONAUTIC SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 





Symbol 


Length 


I 


Time 


t 


Force--- - 


F 


Power 


P 


Speed - 


V 



Metric 



Unit 



meter 

second 

weight of 1 kilogram- 



horsepower (metric)- 
fkilometers per hour. 
Imeters per second 



Abbrevia- 
tion 



m 

s 

kg 



k.p.h. 
m.p.s. 



English 



Unit 



foot (or mile) 

second (or hour)-_ 
weight of 1 pound 

horsepower 

miles per hour 

feet per second 



Abbrevia- 
tion 



ft. (or mi.) 
sec. (or hr.) 
lb. 



hp. 

m.p.h. 
f.p.s. 



2. GENERAL SYMBOLS 



Wj Weigh t=m^ 

gy StaDdard acceleration of grayitv=9. 80665 
m/s2 or 32.1740 ft./sec.^ 

m, Mass= — 

^ . 

7, Moment of inertia (Indicate axis of 

radius of gyration k by proper subscript.) 
M, Coefficient of viscosity 



Vj Kinematic viscosity 
p, Density (mass per unit volume) 
Standard density of dry air, 0.12497 



kg-m- 



15^ C. and 760 mm; or 0.002378 Ib.-ft."^ sec.^ 



at 



Specific weight of ^'standard'' 
0.07651 Ib./cu. ft. 



air, 1.2255 kg/m^ or 



3. AERODYNAMIC SYMBOLS 



s, 

Sic, 

0, 
h, 
c, 


Area 

Area of wing 
Gap 
Span 
Chord 




IP- 
S' 


Aspect ratio 




V, 


True air speed 




2. 


Dynamic pressure =^py^ 




L, 


Lift, absolute coejSicient 




D, 


Drag, absolute coefficient ^d=^ 




Do, 


Profile drag, absolute coefficient Cr,Q= 


Do 
qS 


Du 


Induced drag, absolute coefficient 


D, 
-qS 


D„ 


Parasite drag, absolute coefficient C^^ 


_D, 
-qS 


c, 


C 

Cross-wind force, absolute coefficient Cc=^ 




Kesultant force 





i^, Angle of setting of wings (relative to thrust 
line) 

Angle of stabilizer setting (relative to thrust 
line) 

Q, Kesultant moment 

fi. Resultant angular velocity 

p — ; Reynolds Number, where Z is a linear dimension 
^ (e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C, the cor- 
responding number is 234,000 ; or for a model 
of 10 cm chord, 40 m.p.s., the corresponding 
number is 274,000) 

Cpj Center-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

a, Angle of attack 

e. Angle of downwash 

ao, Angle of attack, infinite aspect ratio 

ai, 7\.ngle of attack, induced 

aa, Angle of attack, absolute (.measured from zero- 
lift position) 
7, Flight-path angle 
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CORRELATJON OF COOLING DATA FROM AN AIR-COOLED CYLINDER AND 

SEVERAL MULTICYLINDER ENGINES 

iW Benjamin Pinkel and Herman H. Ellerbrock, .Ir. 



SUMMARY 

The theory of engirie-cj/Iinder cooling developed in a 
previous report was further substardiated by data obtained 
on a cylinder from a Wright R-1820-0 engine. Equa- 
tions are presented for the average head and barrel tem- 
peratures of this cylinder as junctions of the engine and 
the cooling conditions. These equations are utilized to 
calculate the variation in cylinder temperature with altitude 
for level flight and climb. A method is presented for 
correlating average head and barrel temperatures and 
temperatures at individual points on the head and the 
barrel obtained on the test stand and in flight. The 
method is apjdied to the correlation and the comparison of 
data obtained on a number of service engines. Data are 
presented showing the variation of cylinder temperature 
ivith time tohen the jmoer and the cooling j^f^essure drop 
are saddeniy changed. 

INTRODUCTION 

An analysis has been reported (reference 1) of the 
heat-traiisfer processes of an air-cooled engine for the 
])iirpose of determining the manner m which the various 
engine and cooling conditions combine to determine the 
cylind(M' temperature. The averau'e head and barrel 
tcnipcM atures were each given as a shn])le function of the 
important conditions, making it possible to correct 



cylinder temperatures of a given engine for variation in 
engine power, air-fuel ratio, jnass flow of cooling air, and 
atmospheric temperature. Tests were made on a 
cylinder from a Pratt & Whitney 11-1535 engine and 
on a cylinder from a Pratt & Whitney R-1340-H 
engine to check the analysis and to provide the experi- 
mental constants in the equations for the avej-agc ])r:u] 
and barrel teinperatures as functions of the fuiuhuucn- 
tal engine and cooling variables. 

The present report is a continuation of the foregoing 
research. Data on a cylinder from a Wright K-1820-G 
engine are used to provide an additional check of the 
analysis given in rcffM'cjicc^ 1 and to provide the neces- 
sary constants for this cyiiiuhM-. 

The method presented for correlating engine-tempera- 
ture data is ai)plie(l to obtain a com])arison of the cooling 
of several engines on the test stand and in flight. 

A discussion is given of the variation in temperature 
around the cylinder and a metliod of correlating cylinder 
temperatures at indivicUial pouits is ])resente(l. This 
method is iUustrated by applying it to the correlation 
of data for the Wright R-1820-G engine. 

The variation of engine teinperature witli altitude 
(frojn sea level to 30,000 feet) for the conditions of level 
flight and climb at constant indicatc^l air s])(mm1 are 
calculated from the e([uations obtained for the cooling 
of the Wright R-1820-G engine. 

1 
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NOTATION 

a= L^,/([7,+(Zo,). 

(Zq, outside-wall area of head of cylinder covered by 

fins, square inches. 
aij inside-wall area of head of cylinder, scjuare 

inches. 

Acy cross-sectional area of piston, square inches. 
B and B, constants. 

c, specific heat of metal in cylinder head, B. t. u. 

per pound per °F. 
Cp, specific heat of air at constant pressure, B. t. u. 

per pound per ^F. 
H, heat transferred per unit time from combustion 

gases to cylinder head, B. t. u. per hour. 
Illy heat transferred per unit time from cylinder head 
to cooling air, B. t. u. per hour, 
tlieoretical heat transferred unit tune from 
one side of cylinder per unit liciglit, B. t. u. 
per hour per inch. 
7, indicated horsepower per cylinder. 
kmj thermal conductivity of metal in cylinder head, 
B. t. u. per square inch per °F. per hour 
through 1 inch. 
Ky Kiy m, 71, and n', constants for a given air-ilow con- 
dition and engine. 
My effective weight of cylinder head, pounds. 
qiy surface heat-transfer coefficient from combustion 
gases to inside of cylinder wall of engine, 
B. t. u. per square inch per °F. per hour, 
go, heat-transfer coefficient from combustion gases 
to outside of cylinder wall of engine based on 
average wall temperature, B. t. u. per square 
inch per °F. per hour. 
qo^y local heat-transfer coefficient from combustion 
gases to outside cylinder wall, B. t. u. per 
square inch per °F. per hour. 
tj time, hours. 

time, minutes. 
tw, thickness of cylinder-head wall, inches. 
Ta^y local cooling-air temperature around cylinder, 
°F. 

7rtj, inlet temperature of cooling air, °F. 
Tf)y average temperature over outside cylinder-barrel 

surface when equilibrium is attained, °F. 
Tgy effective gas temperature, °F. 
Thy average temperature over outside cylinder-head 

surface when eciuilibrium is attained. °F. 



Tfl^p, average temperature of cooling air, °F. 
Ta^j outlet cooling-air temperature, ^F. 
Tfj^j local effective gas temperature, °F. 
Tft.y average temperature over inside cA-luider-head 
surface when equilibrium is attained, °F. 
average temperature of cylinder head at time 
/=0, °F. 

Tfi^, average temperature of cylinder head at time 
t, °F. 

r,,^, local cylinder-head temperature, °F. 
Uy over-all heat-transfer coefficient from outside 
cylinder wall of engine to cooling air based on 
difference between average cylinder tempera- 
ture and inlet cooling-air temperature, B. t. u. 
per sqiuire inch per °F. pov hour. 

Uavy average over-all heat-transfer coefficient from 
outside cylinder wall of engine to cooling air 
based on difference between average cylinc er 
temperature and average cooling-air tempera- 
ture, B. t. u. per s([uare inch per °F. per hour. 

6 J, local heat-transfer coefficient from outside cylin- 
der wall to cooling air, B. t. u. per square inch 
per °F. per hour. 
Vy A'elocity of cooling-air stream, feet per second. 
V, displacement volume of cylinder, cubic inches, 
ir, weight of cooling air flowing around cylinder per 
unit time, pounds per second. 

Wh, weight of cooling air flowing around cylinder per 
unit time per unit height, poimds per ho at 
per inch. 

Wt, product of weight of gases in cylinder and nuri- 
ber of cycles per unit time, pounds per minute. 
Xy variable circumferential distance from front of 

cylinder, inches. 
Xt, circumferential distance from front to rear of 

cylinder, inclies. 
p, average density of cooling air entering and 

leaving fins, pound-second ^ per foot ^. 
Po, density of air at 29.92 inches of mercury and 
70^ F., pound-second ^ per foot ^ 
PsL, density of air at 29.92 inches of mercury and 
59° F., pound-second ^ per foot ^. 
Ap, pressure drop across cylinder, inches of water 
(includes loss caused by expansion of air from 
exit of baffle). 
ApsL) pressure drop across cylinder at standard sea- 
level conditions, inches of water. 
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ANALYSIS 

AVERAGE CYLINDER TEMPERATURE 

Average cylinder temperature as a function of engine 
and cooling conditions. — As a starting point in the 
analysis, tlie equations for the transfer of heat from 
the combustion gases to the engine cylinder and from 
the cylinder to the cooling air will be reviewed. The 
rate of heat transfer from the combustion gases to the 
cylinder head may be written, as a good first approx- 
imation (reference 1) 



H=Ba,W/^{T~Tn) 



(1) 



In the range of air-fuel ratios to the rich side of the 
theoretically correct mixture, an equation similar to 
equation (1) but involving / instead of Wt is given by 



H=BaJ-'{T,-T,) 



(2) 



For the rate of heat transfer from the cylinder head to 
the cooling air, the following equation is given in 
reference 1: 



lh=KaMpplP^r{Tn-Ta,) 



(3) 



For equilibrium, the rate of heat transfer to the 
cylinder head is equal to the rate of heat transfer away 
from the cylinder head and, from equations (2) and (3), 
the following equation is obtained for T/,: 



-T 



(4) 



An equation similar to (^4), but involving the weight 
of gas in the engine cylinder, may be obtained from 
equations (1) and (3). A set of equations similar to 
(1), (2), (3), and (4) may be written for the barrel. 
In the following analysis, equations will be given only 
for the iiead temperature and a parallel set will be 
understood to apply for the barrel temperature. As 
shown in reference 1, the effective temperature of the 
combustion gases Tg is dependent on the fuel-air ratio, 
the compression ratio, the carburetor-air temperature, 
and the spark setting; as a good first approximation, 
is independent of the engine speed and the brake mean 
effective pressure. 

An equation for Tg is set up in reference 1 in which a 
term for the weight of residuals appears but, in the 
search for a first approximation, this term is assumed 
to be negligible and is eliminated in the final equations. 



In order to check the error in this simplification, the 
value of Tg was obtained by tests in which the weight 
of residuals was varied by varying the exhaust back 
pressure. 

Heat transfer through cylinder head. — The mean 
coefficient over the entire cycle for the transfer of heat 
from the combustion gases to the c^dinder is defined in 
reference 1 as 

H 



qo-- 



'a,{Tg-Tn) 



(5) 



When equation (5) is compared with equation (1), the 
mean coefficient is seen to be also equal to BWt^. 
Because is based on outside-wall temperature T/,, it 
is an over-all heat-transfer coefficient taking into 
account the transfer of heat by convection from the 
gas to the inner wall and the transfer by conduction 
from the inner to the outer wall. The lieat-ti\')iisf('r 
coefficient gi for convection of heat from the gas to the 
inner wall is given by 

H 

^'-a,(Tg-T,^) 



(6) 



The conduction of heat through the head may be ex- 
pressed by the following equation: 



H=arfiT,~T,) 



(7) 



When equations (5), (6), and (7) are combined, the 
coefficient gi in terms of the over-all coefficient qo may 
be obtained, 

_ go 

(8) 



1- 



For a given engine, tu, and k,n are constant so that 
both qi and qo vary with the same engine conditions. 
The difference between qi and qo is small, as will be 
shown later. 

Comparison of cooling of cylinders. ^By rearrange- 
ment of terms, equation (4) may also be written 



I"' 



T,-Tn KaoiApp/por "'(A?'p/Po) 



(9) 



The values of ?i' are approximately twice the values ot 
m for cylinders that have been tested. Equation (9) 
may then be written as the ai)p]()xinia( ion, 



^^'^f[JIMll (loa) 
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Thus, when (1),— Ta^)j{Tg—Th) is plotted agamst 
(//^*)7(App/po), a single curve should result for a given 
engine irrespective of the engine or the cooling condition 
varied. Curves of this type provide means of com- 
j)aring the cooling of two engines, although the tests 
may not have heen made at identical operating condi- 
tions. The lower the curve, the 1()W<m- tlu^ cyliiK'KM'-head 
temperature for a given specific iiidicaied horsi^power 
and coohng-pressure drop. 

In some cases, the velocity T^of the cooling-air stream 
rather than the pressure drop across the eylintkn* is 
known. Inasmuch as, for practical ])iirposes, TVpo is 
proportional to {AppipoY'', it is evident that ecpiation 
(10a) may be written in the form 

^g— \ » P/Po/ 

and the cooling data may be correlated by plotting 
{T, — Ta,)/{Tg—Tf,) against on logarithmic co- 

* PlPo 

ordinates. As before, a single curve should result 
irrespective of engine or cooling conditions. 

TEMPERATURE AT INDIVIDUAL POINTS ON CYLINDER 

An analysis of the theoretical distribution of temi)er- 
ature around the cylinder is given in the ap])en(lix. 



(See equations (11) to (30).) Bnsed on tiiis analysis, 
the following equation is obtained for correlating the 
temperatures at individual points (see equation (30) 
and discussion in appendix): 

(App/p,y^7\-7\ 

r Tp- =/2(A;>p/Po) 

APPARATUS 

The cylinder on which the tests were made Aras 
obtained from a Wright R-1820-G engine (fig. 1). 
The bore was 6}^ inches, the stroke was 7 inches, find 
the compression ratio was 7.4. The cylinder, enclosed 
in a jacket throTigh which coolinj; air was forced by a 
centrifugal blower, was mounted on a sinule-cylinder 
test stand. The jacket had a wide eimance section 
to provide a low air velocity ovei* the front half of the 
cylinder; over the rear half, the jacket fitted closely 
against the fins to provide a high air velocity. The 
engine set-up is shown in figure 2. 

A partition was located in the exit duct of the jacket 
for separating the air that ilowed ()V(T the head from 
the air that flow^ed over the barrel. Thermocouples 
were located in the jacket ahead of the cylinder and in 
the exit passages from the head and the barrel for 
measuring the increase in temi)erature of the cooling 
air. 




FiGUKE 1.— The 1820-(j cylimler showing location of lht':inoC'oiii)l».'S. 
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The temperatures of the cyhiuler were measured by 
22 thermocouples on the liead, 10 on the barrel, and 2 
on the flange. 

The apparatus for measuring the pressure diop across 
the cylinder^ the (quantity of cooling air su])])lied to the 
jacket, and the fuel-air ratio is fully described in refer- 
ence 1. Electrical heaters located in the air (hict 
between the blower and the jacket were ])r(>vi(le(l to 
vary the cooling-air temperature. Electrical heaters 
were also located in the intake system of the engine 
for varying the cnibiiin^tor-aii" t(Mni)(M-nture. A Roots 
blower was connected to the exhaust i)ipe for the tests 
with reduced back pressure. The standard test-engine 
equipment was used for measuring brake mean effective 
pressure, engine speed, fuel consumption, and air tem- 
perature at the inlet to the carburetor. 

METHODS AND TESTS 

Calibration tests were made to determine the weight 
of air flowing over the head and the barrel as functions 
of tlie pressure drop across the cylinder. The calibra- 
tion curves are shown in lU>:urc 3. 



Figure 2.— Set-up of sinfrU'-cylindcr air-cooloti ciifiine. 
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FiGL'RE 3 —Calibration of tJie jacket as an air duct. Slope, 0.53. 
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Tests were condiicted in which each of the following- 
factors was varied in turn while the remaining factors 
were held constant: 

1. Cooling-air temperature. 

2. Brake mean eflective pressure. 

3. Engine speed. 

4. Mass flow of cooling air. 

5. Fuel-air ratio. 

6. Spark setting. 

7. Carburetor-air temperature. 

8. Exhaust pressure. 

In all of the tests with the exception of the ones in 
which the brake mean effective pressure was varied, 
the weight of the charge delivered to the engine per 
cycle was held constant. 

The tests covered tlie following ranges of conditions: 

Cooling-air temperature, °F 80-225. 

Brake mean effective pressure, pounds per 

square inch 65-154. 

Engine speed, r. p. m 1,300-2,000. 

Pressure drop across cylinder, inches of 

water 2.2-13.2. 

Fuel-air ratio 0.058-0.098. 

Spark setting, degrees B. T. C 10-25. 

Carburetor-air temperature, °F 82-284. 

Exhaust pressure, inches of mercury abso- 
lute 12.1-29.5. 

The validity of the analysis over a range of engine and 
cooling conditions was checked by making more tests 
than were necessary to establish the values of the con- 
stants in the equations. The methods of conducting 
the tests and calculating and plotting the data are fully 
described in reference 1 . 

The friction horsepower was determined by motoring 
the engine at the manifold pressures, the exhaust 
pressures, and the speeds used in the power runs. The 



indicated horsepower was obtained by adding the g]-oss 
brake to the friction horsepower. 

In the tests with reduced exhaust back pressure to 
obtain the indicated horsepowers, the friction horse- 
powers should correspond to operation with tliese 
reduced pressures. These friction horsepowers were 
estimated by deducting from the friction as obtained at 
atmospheric back pressure the change in work done by 
the piston in exhausting the cylinder on the assumption 
that, for the greater part of the piston motion, the differ- 
ence in pressure in the cylinder is equal to the difference 
in back pressure. The following expression was used 
to determine the corrected indicated horsepower: 



IcoTT I scale ^e. 



where 



' 33,000X2 

29.92 — absolute exhaust pressure 



14.7, 



29.92 

pounds per square inch. 
Lj stroke, feet. 

Ac, cross-sectional area of piston, square inches. 
A^, engine speed, revolutions per minute. 

The weight of gases in the cylinder Wt was obtained 
by adding the weight of air, fuel, and residuals. The 
weight of air was obtained by dividing the weight of 
fuel by the fuel-air ratio. The weight of residuals \v^as 
considered to be the weight of air in the clearance \ ol- 
ume at an absolute temperature of 1,660° F. and a 
pressure equal to the exhaust pressure. 

Gasoline conforming to U. S. Army specification 
Y-3557 and having an octane number of 87 was used 
for most of the tests. For the more severe operating 
conditions, a sufficient amount of ethyl fluid was added 
to the fuel to suppress audible knock. 



200 



Engine speed, r.p.m 

b.m. e.p. , Ib /sq. in. 

Fuel -air ratio 

Spark setting, deg. B. T. C 

Carburetor ~oir temperature, °F. 

Lp plPo , in. of water 



o 

1.502 
102.6 
0.063 
16 
76 

10.97 



A 

1.506 
102.6 
0.063 
16 
76 
5.33 




□ 

1,497 
77.2 
0.063 
16 
73 

11.74 
200 



X 

^,003 
77.2 
0.083 
16 
77 

to. 66 
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(a) Head. (b) Barrel. 

Figure 4— Variation of Tn-Ta and Tb-Ta, with head and barrel temperatures. 



CORRELATION OF COOLING DATA FROM AN 



AIR-COOLED CYLINDER 



7 
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1 indicated horsepower 



100 £ 3 4 5 6 6 /0 

ff^ , cylinder gas weight velocity factor, /b./min. 



Figure 5. Variation of 111{'1\-Th) and Ifl{l\-Th) wKli / and W,. 



RESULTS AND DISCUSSION 

AVERAGE CYLINDER TEMPERATURE 

Gas temperature. —It has been shown m reference 1 
that the ellVrtive gas temperature T,, may be obtained 
l)V |)i()ttin<>: curves of temperature (liirerence between 
the ('vlin(l(M- aiul the cooling air against cyhnder tem- 
l)erature from tests in which all of the conditions except 
tlie cooling-air temperature are maintained constant. 
The vahie of Ty is found hx extrapolatijig such curves 
to the axis T/,— 2«^ = 0. 

Figure 4 shows four sets of (hita, which were obtained 
in the present tests, for determining l\j for the 1820-G 
cylindcM-. The accuracy of the eciuations for determin- 
ing the cylinder head and barrel temperatures is not 
very sensitive to the initial value of T,. Once a value of 

has been chosen, it is nnich more important that the 



variation of T,j from the initial value with change in 
fuel-air ratio, cai'buretor-air tem])erature, and spark 
timing be accurate. Consideration of a large amount of 
data (references 1 and 2) has led to a choice of values 
of Tg of 1,150'' F. for the cylinder liead and 600° F. 
for the cylinder barrel at a fuel-air ratio of 0.08, a 
carburetor-air temperature of 80° F., and normal spark 
timing. Although slight variations from these values 
of Tg occur for the' i yhfulcis tested, the foregoing values 
were chosen as standards to simplify the comparison 
of engines with little sacrifice in the accuracy of the 
equations. The values of 1,150° F. and 600° F. are 
seen to fit the data plotted in figure 4 as well as any 
other pairs of values that could be chosen. The effective 
gas temperature is a means of correlating engine- 
cooling data; it cannot be used as an accurate measure 
of combustion-gas temperature. 
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Heat transfer from combustion gas to cylinder. — The 

values of ///(T.-T,) and ///(T,-T,) were calculated 
from test data obtained at various engine speeds and 
nianilold ])ressures for a fuel-air ratio of 0.083. The 
results are plotted ai>:ainst I and Wt (see equal ions (2) 
and (1)) on lo^^'arithmic coordinates in iigure 5. The 
{)oints fall on the same curve whether the indicated 
horsepower was varied by varying the engine speed or 
the manifold pressure, as was found in reference 1, 
which indicates that the analysis is sufficiently close for 
the present range of speeds. The exponents in equa- 
tions (1) and (2) as obtained from iJie slope of the 
cm ves in figure 5 are n=0.76 and n' = 0.72 for both the 
Iiead and the barrel. 

The exponents // and //' may also \w ohtaiiu^l hv 



plotting {rn-Ta,)l{T,-T,) and (T,- 7\^)/{T,- 7\) 
against / and Wt for tests in which App/po was lu^ld 
constant. (See equation (9).) These curves are shown 
in figure 6, and it is seen that lines with the same sk»pes 
as those in figure 5 represent the data very well. 

The constants for ecpiations (1) and (2) were ob- 
tained from figure 5; the equations are tabulated as 
follows: 

Head Barrel 



//= 18.72 Wt0.76(T,-Th) 



(31) 



Units of H are B. t. u. per liour; imits of 1]', are 
pounds per minute. 
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Figure 6— Variation of {rH-T„^)l{T,-TH) and (Tb-7\ with / and Wt. 
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Tho lioat-traiisfer coefficients Iroin the ('()nii)usti()n 
gas to the cylinder wall for the three cylinders are 
shown in figure 7. The data for the 1535 and the 
1340-11 cylinders were obtained from reference 1. The 
coefficients are plotted against the ratio 11 V-^o wliich is 
used as a criterion of the mass flow of the gas in the 
cylinder. Little difference in the coefficients for the 
barrel of any one cylinder is obtained, whether they 
iue based on the difference in temperature between 
I he gas and the inside wall or on the difference in tem- 
perature between the gas and the outside wall. This 
small difference in the coefficients is due to the fact 
that the barrel wall is thin and the temperature 
drop through it is negligible. For the head, however, 
(/i is appi'oximately 7 percent higher than for all the 
cylinders. 



Variation of Tg with engine conditions. ^The values 
of l\j for the tests in which fuel-aii" i-atio, s])ark setting, 
carburetor-air temperature, aJid exiiaust pressure were 
varied were calculated from the test results using equa- 
tions (31). Two curves were obtained for the head and 
the barrel by using, in turn, the equations involving / 
and Wt^ Figure 8 shows the values of Tg plotted 
against fuel-air ratio. The value of Tg is seen to be 
substantially independent of engine speed and brake 
mean effective pressure. A greater range of fuol-air 
ratio was covenvl in I ho present tests tban in previous 
tests. As the fucl-air ratio is decreased below the value 
for the theoretically correct mixture, Tg decreases. 
Thus, lower cylinder temperatures will result from 
operation with either rich or lean mixtures than with 
the theoretically correct mixture. 
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Figure 10.~Variation of 'l\ with carburetor-air temperature. 
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Figure 11— Variation of Tg with exhaust pressure. 
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Figure 9 shows the values of Tg plotted against spark 
setting. The vahie of Tg remains essentially constant 
over a range of spark settings covering usual operating 
conditions; it increases, however, for greatly advanced 
spark settings. 

The results of the tests to determine the effect of 
carburetor-air temperature on Tg are shown in figure 10. 
As was previously determined, T,, increases appreciably 
as the carburetor- air tcni]:>(M-5i.ture increases. An in- 
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Figure 12.— Variation of n/iTh-T„^) and If/iTb-Ta^) with pressure drop across 
cylinder. Slope, 0.35; fuel-air ratio, 0.085; cooling-air temperature, 87.0° F.; car- 
buretor-air temperature, 82° F.; engine speed, 1,503 r. p. m.; brake mean effective 
pressure, 102.5 pounds per square inch; spark setting, 20° B. T. C, 

crease in Tg of 0.8° F. per degree rise in carburetor-air 

temperature is noted for the head. Curves (reproduced 
froju reference 1) representing the values of Tg for the 
1535 cylinder at various fuel-air ratios are shown in 
figure 8 and, for the 1340-H cylinder at various fuel-air 
ratios, spark settings, and carburetor-air tcjiiperatures, 
are included in figures 8, 9, and 10 for comparison with 
the results for the 1820-G cylinder. 

The effective gas temperature Tg over the range tested 
varied little as the exhaust pressure was varied, as shown 
in figure 11. The curve based on indicated horsepower 
in figure 11 w^as calculated from the indicated horse- 
power corrected as previously explained. Tlie results 
of the tests shown in figure 11 bear out the assumption 
made in reference 1 that the weight of residuals, which 



varies as the exhaust pressure varies, has only a sn all 
eft'ect on 7V 

Heat transfer from cylinder to cooling air. Values 
of HKTn- Ta,) and HI{T,- TJ are plotted in figure 12 
on logarithmic coordinates against App/pQ. The exj)o- 
nent m in e(iiiatioii (3) for both the head and the barrel 
as obtained from the slopes of the lines in figure 12 is 
0.35. The exact agreement of the exponents for the 
head and the barrel is accidental, as some variation in 
the value of the exponent may be expected with differ- 
ence in fin design. For constant /, the ratio {Tg—T),)/ 
{T^—Ta^) varies with AppjpQ in the same manner as 
II/{T, — Ta,). (See equations (9) and (3).) As a check 
on figure 12, the values of (T,-T,)/{T,-Ta,) und 
{Tg—Ti,)l{Tt— Tai) were plotted against App/po in figure 
13. Values of 1,150° F. and 600° F. were used for T^ 
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Fkjure 13.— Variation of iTg-rh)/iTh-T^^) and {T j-Tb)l{Th-'l\^) with pressure 
drop across cylinder. Slope, 0.35; fuel-air ratio, 0.085; cooling-air teniperatuie, 
87.0° F.; carburetor-air temperature, 82° F.; engine speed, 1,503 r. p. m.; brake 
mean effective pressure, 102.5 pounds jier square inch; spark setting, 20° B. T. C 

for the head and the barrel, respectively. The expc»- 
nents m obtained from figure 13 check those obtained 
from figure 12. 

The constants for equation (3) were obtained from 
figure 12 and are: 

Head: //=154 (z^y^p/pof -^Mn-r,,,)! 
Barrel: //=36.3 (App/po)"'^ {T,-Ta,) J 
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Units of // are H. t. u. |)or hour; uiuts of Sjf are ineiies 
of watei*. 

Average head and barrel temperatures. Jf // is 
eliminated between equations (31) and (32), expres- 
sions may be obtained for 1\ and Tf, in the form given 
by equation (4). Thus, for the 1820-G cylinder, the 
average head and barrel temperatures may be expressed 
as functions of the indicated horsepower and ])ressure 
drop as follows: 



T —T 

-L g J ft 



154 iApp/poy-' 



3.75 



36.3(A;Wpo)"-^° 
1.48/""- 



f 1 



(33) 
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of heat -transfer cocfricifiit from lioad and barrel to cooIiiiR air 
cross (■> liiiMi'r. Trst points indicate data oMaiiitMl under the 
: Fuel-air ratio, o.os"); cooling-air temperature, .S7.0° F.; car- 



biirctor-air teniperattire, 82° F.; engine speed, 1,505 r. p. m.; brake mean effective 
pressure, 102.5 pounds i)er s(iuare inch; spark setting, 20° B. T. C. 

Equations similar to (33) will apply to flight condi- 
tions with the exception that the constant before the 
pressure drop may be greater. 

Figure 14 shows the heat-transfer coefficients V 
from the cylinder to the cooling air plotted against the 
pressure difi'erence for the heads and the barrels of the 
three cylinders. The coefficients for the head of 
the 1820-G cylinder are ni ucli gi'cater than those of the 



other cylinders on account of its better finning. Any 
of the curves in figure 14 would probably be raised if 
some device to create turbulence were placed in front 
of the cylinders. The turbulence condition would be 
a closer approach to fUght conditions. 

Figure 15 shows the wall heat-transfer coefficients 
of electrically heated cylinders with fin designs as on 
the heads and barrels of the 1820-G, the 1340-IT, and 
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Figure 15.— Variation of heat-transfer coc'flicient from cylinder wall to cooling air 
of electrically heated cylinders with pressure drop across cylinder. 

the 1535 cylinders, calculated from data on the surface 
heat-transfer coefficients for cylinders enclosed in 
jackets and cooled by a blower (reference 3). Although 
the jacket and the flow conditions are different for the 
ekn^trically heated and the engine cylinders, figure 15 
again shows that the 1820-G head fins give much higher 
coefficients than those of the other cylinders. The 
areas for the various cylinders are listed in the following 
table: 

TABLE I 



Cylinder 


01 

(sq. in.) 


ao 

(sq. in.) 


Ac 
(sq. in.) 




Head 


Barrel 


Head 


Barrel 




]535... 


47.1 


82. 0 


94.5 


61.5 


21. 1 


1340-H..... 


76.8 


84.2 


142.0 


68. 5 


25.9 


1820-G.. 


11.1 


130.0 


127.1 


104.7 


29.5 
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Thermocouple - 
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(a) Head temperatures. 

Figure 1G.— Correlation of temperatures at several locations with engine and cooling conditions. 



TEMPERATURE AT INDIVIDUAL POINTS ON CYLINDER 

The following relation holds for the temperatures at 
individual points on the cylinder with Tg replaced by 
Tg^. (See equation (30).) 

(A7WP0)'" T,-Ta, . ^ 

— tT' — r t~=M^PpIpo) 



As discussed in the appendix, some variation probably 
exists in the effective gas temperature Tg^ for individual 
locations on the cylinder. In the absence of data c»n 
this effect, the values of Tg^ for all points on the he^.d 
were arbitrarily taken equal to Tg and the same was 
done for the barrel. The vaUdity of this assumptic'n 
may be checked to some extent by the closeness wii;h 
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wliicli tlie points obtained by plotting the left-hand 
side of equation (30) against App/po fall on a single eiirve 
Hov till toM eofiditions. 

Figure 1 1) shows such a plot for the various points on 
the head and the })arrel. Some scatter of the points 
fro/)) ;) sii)gle ciirye is iioted. No trend witJi any of tlie 
\aiiahl('s could be observed. The ])oints are too far 
apart to permit a conclusion to be (h'awn with regard 
to the assumption of Tg^=Ty; the curves indicate, how- 
ever, that the use of T(,^=7\ gives a correlation of the 
test data for individual points sufficiently close for 



Engine speed, r.p.m. 
b.m.e.p., Ib./sq. in. 
Indicated horsepower 
Sparh setting, deg. B. T. C. 
Corburetor-air temperature, "F. 
Air- fuel ratio 

Cooling-oir temperature. "F. 
Ap p/Po , in. of water 



practical purposes. For all the cases shown in (igure 
1(), the slope of the curve is small and, for most of the 
thennoconple locations, /_.Q/yp ) in e(juation (30) can 
be rei)laced by a constant. E([uations of the form of 
(10a) and (10b) with Tn replaced by T,,^ may then be 
used foj' c()rr(^]ating th(\se (hita. 

APPLICATIONS 

Comparison of cooling of cylinders. Cooling tests 
of a 1340- fl cylinder have been conducted in the labo- 
ratory on a single-cylinder test engine (refei'ence 1). 
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Fku'RK 17. — Comparison of coolinfi of several cylinders in laboratory and in fli^lH. 



Tests of a 1535 cyliiuler have also been made in the 
hiboratory on a single-cylinder test engine (reference 1) 
and in flight (reference 4). In the laboratory tests of 
the 1535 and the 1340-H cylinders, jackets were used 
with a wide entrance section, as in the present tests. 
In addition, tests were conducted on the 1535 cylinder 
with a device in front of the cylinder to introduce 
turbulence into the air stream. 

The results of the foregoing tests and of the present 
tests on the 1820-G cylinder are shown ])lotted in figure 
17 in accordance with equation (lOa). The lower the 
value of the ordinate, for a given value of the abscissa, 
the better the cooling, as has been previously mentioned. 
Figure 17 shows that, for the same specific power output 
and cooling pressure drop, the temperatures of the 1820- 
G cylinder are lower than those of the 1535 and the 
1340-H cylinders for both the head and the barrel, 



regardless of whether the cylinders were tested in flight 
or in th»e lal)()i'at()ry. E([uation (4) may be written 
(reference 1) 



Examination of this equation, of the values of Gq and ai 
in table 1, and of the values of go ^^i^^l iri figures 7 and 
14 shows the factor that contributes most to the superior 
cooling of the 1820-G cylinder to be the high heat- 
transfer coelficients of the fins. 

It is interesting to note that the results of the tests 
on the 1535 cylinder with the turbulence device are 
very nearly the same as those for the iVighi tests on the 
same cylinder. 
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Fi(i:(ii'e 17 shows tluit the assumption n' lm=2^ made 
in obtaining equation (10a), does not cause the data to 
scatter to any appreciable extent. Tliis approximation 
was introduced to simplify the cojuparison of the 
cooling data of different engines. If considerable differ- 
ence exists between n! \m and 2 for a given engine, then 
a series of closely grouped curves will be obtained when 
the data are plotted as in figure 17, in which each curve 
will be identified by a given value of Aj^p/po. The 
relation of this group to the curve or group of curves for 
other engines will indicate the comparative cooling. 
The data obtained for any given engine can, of course, 
be plotted as a single curve when the values of n' and 
m for that engine are used in obtaming n' \m. 

Figure 18 presents another illustration of the same 
ai)plication. The data were obtained from Nav}^ 
reports on routine calibration tests of a number of 
service engines. The operating ranges covered by the 
points in figure 18 are listed in the following table. 



Engine 


Engine 
speed 
(r. p. m.) 


Engine 
b. m. 0. p. 
(Ib./sq.in.) 


Cooling- 
air ve- 
locity in 

duct 
(m. p. h.) 


Fiiol-air 
ratio 


AltitiKic 
(ft.) 


Wri ■-■!'; W L'dOn.. 

Wri'.'lii K IS'iO-G 

I'r.ilt cV Whilnoy 11-1535 
Prat I \Vlnl!i.>v R~ 

I) - . - 


1, 700-2.300 
1. 105-2. 100 
1, 610-2. 420 

1, 490-2. 425 


82-171 
S()-176 
lOn-KiO 

80-118 


225 
140-210 
200 

173 


. O.Vs . (is"> 
. 058- . 085 


" n(M)-18,(MM) 
0 

0- 5, 100 
0 



The values of Tn^ represent an average of the maxi- 
mum and minimum temperatures of the rear spai k-()lug 
gasket for each test condition. Inasmuch as the veloc- 
ity of the cooling air rather than the pressure drop 
across the engine was measured, an equation similar to 
(10b) was used in plotting figure 18. The value of Tg 
for the various fuel-air ratios was taken from figure 8 
for the Wright R-1820-G and R-2600 engines and from 
reference 1 for the Pratt & Whitney R-1340-D and 
H-1535 engines. The fact that a single curve for each 
engine is obtained in figure 18 for all the engine and 
cooling conditions further supports the use of Tg for the 
value of Tg^ in tlie neighborhood of the rear spark plug. 
Good correlation, however, can be obtained with some- 
what higher or lower values of Tg^ and the results in 
figure 18 cannot be taken as proof that the value of Tg^ 
is exactly that of Tg. The Wright 11-2600 and R-1 820- 
G engines both use the same type of cylinder, and a 
single curve for both engines in figure 18 would be 
expected. 

The lower the curve in figure 18 the better the cooling, 
as indicated by the rear spark-plug temperature. To 
base a comparison of the cooling of two different 
engines on the rear spark-plug temperatures, as is 
usually done, is not entirely correct. The rear spark- 
plug temperatures and the temperatures at other liot 
spots are important when difficulty is experienced with 
preignition and spark-plug failure. The tendency of an 



engine to detonate depends, among other things, on the 
temperature of the engine charge, which depends more 
on the average head and barrel temperature than on the 
temperature at localized hot spots. The average head 
and barrel temperatures rather than rear spark-plug 
temperatures also control lubricating-oil temperatures. 
Thus, when no difficulty is experienced with preignition 
or spark-plug failure, the average head and barrel 
temperatures are more im])ortant criterions of cooling 
than the rear spark-plug temj)eratures. For example, 
it is permissible to operate a Pratt & Whitney R-1 535 
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FiGUUE 18.— Variation of spark-plujj-boss temperature with engine and cooling 
conditions for four engines. 

engine with a maximum spark-plug temi)erature a])- 
proximately 50° F. higher than that of a Wright 
R-1820-G engine. The difference between the spark- 
plug and the average head temperatures for the Pratt & 
Whitney R-1535 engine is about 50° F. greater than for 
the Wright R-1820-G engine. Thus, the specification 
of the higher maximum spark-plug temperature lor tlie 
Pratt & W^hitney engine is equivalent to specifying equal 
average head temperatures for both engines. 

The cooling-air velocities listed in the foregoing table 

Ilv 

and used in calculating the factor in figure 18 

were measured in the test-stand cooling duct. This 
velocity bears no relation to any velocity measured in 
flight and no comparison can be made between cooling 
in flight and on the test stand. This difficulty can be 
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avoided by measuring; the ('C)()liii<!; pressure droj) and 
basing the correlation on an equation similar to (10a). 

If equation (10b) is used for eorrelatinp: coohnt? data 
in flight, it must be remembered that the velocity of 
the airplane in the low-speed range is an unreliable 
index of the air velocity between the cylinder fins as 
the effect of the propeller j^H])stream becomes important. 

Figure 19 shows the percentage of brake horsepower 
required for cooling the 1340-H and the 1820-G cyl- 
inders at standard sea level plotted against the specific 
power output. The 1820-G cylinder was considered 
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Figure ly.— Percentage of brake horsepower required for etvolinj; by IHAU II an I 
1820-G cylinders. 

adecpiately cooled when the maxinnim head tem])era- 
ture did not exceed 400° F. (average head temperature 
approximately 330° F.) and the cooling of the 1340-H 
cylinder was considered satisfactory when the maximum 
head temperature did not exceed 450° F. (average head 
temperature approximately 300"^ F.). The pressure 
drop required to maintain these tcjnpcratures was 
obtained from equation (33) for the liead of the 1820-(j 
cylinder and from a similar c(|ii;iii()n in referem*e 1 for 
the head of the 1340-H cylindc^r. The power re- 
([uired for cooling was calculated from the pressure drop 
and the volume of air, the volume of air being obtained 
from the calibration curves of each cylinder. (See 
fig. 3.) The power required to cool these engines in 
flight may be somewhat less than that shown in figure 
10. The great difference shown in figure 19 between 
the power required for cooling the two cylniders illus- 
trates the importance of providing adequate finning. 

Effect of altitude on cylinder temperature. — ^It is of 
some interest to examine the variation in cylinder-head 



temperature with altitude for a typical air-cooled 
engine. A calibration curve of the Wright R-1820-22 
engine with impeller-gear ratio of 7.14 : 1 was used for 
determining the variation of ])ower with altitude. 
Equation (33) were assumed to apply to this engine. 
A constant value of Tg equal to 1,150° F. was used De- 
cause only a small variation in with reduction in 
back pressure is indicated by figure 1 1 . The variation 
of atmospheric density and temperature with altitude 
was obtained from a table of standard altiti de 
(reference 5). 

Figure 20 shows the variation in average head tcni- 
perature with altitude for level fliglit at full o])en throttle 
for various cowling-exit openings. The curves ::or 
constant exit opening are designated by the pressure 
drop across the engine in level flight at sea level. As 
the altitude is increased, the pressure drop, of course, 
decreases. The variation in pressure drop with alti- 
tude was obtained on the assum])tion that a constant 
proportion of the velocity head of th(» free air stream 
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FKii KE 2().— Variation of head temperature (-f i W i t:hl K-182()-22 en^inr with alti- 
tude for level fliiiht at full open tlinjUli' CM }.! impeller ratio). 

was maintained as prcssui'c dro]) a -ross the engine wi ll 
a constant cowling-exit opening. The velocity liea.d 
was calculated on the assumption that the airplane 
velocity varied directly as the cube root of the engine 
horsepower and inversely as the atmospheric density. 
The cylinder-head temperature is seen to decrease with 
altitude at full open throttle mainly because of the 
reduction in engine power. 

If a supercharger is provided for maintaining a con- 
stant engine power over the range of altitudes con- 
sidered, the temperature in level flight increases with 
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altitude, as seen in figure 21. The rate of temperature 
rise with altitude decreases as the size of the exit open- 
ing is increased or, in other words, as the temperature 
at'^sea level is decreased .-^ With the lower head temper- 
ature, the reduction in atmospheric temperature with 
altitude has a greater effect on cooling because the 
percentage increase in temperature difference between 
the cylinder head and the cooling air becomes greater 
for a given change in cooling-air temperature. In 
these computations, the assumption is made that the 
charge temperature in the inlet manifold is held con- 
stant. 

Constant charge temperature can, of course, be 
maintained by means of an adequate intercooler. At 
l)resent, intercoolers are not provided with sufficient 
capacity for maintaining sea-level temperatures at 
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Figure 21.-Variation of head temperature of a Wright R-1820-22 engine with alti- 
tude for level flight. Horsepower constant. 

altitude, and considerable heating of the inlet charge is 
experienced. The most serious consequence of high 
charge temperature is the increased tendency to deto- 
nate. When an engine is operating near tlie detonation 
condition, a 100° F. rise in charge temperature, for 
example, may cause a 9-percent decrease in permissible 
manifold pressure. The same increase in charge 
temperature will cause only a 15° F. rise in cylinder- 
head temperature for constant engine power if no deto- 
nation occurs. A much greater rise in cylinder-head 
temperature than 15° F. would result if detonation 
were encountered; the additional temperature rise 
must, however, be attributed to detonation rather than 
to the direct effect of charge temperature as it can be 
eliminated by increasing the octane number of the 
fuel. 

The variation of the head temperature in cUnib at a 
constant indicated air speed and at full open throttle 
is shown in figure 22. The condition of constant indi- 
cated air speed established the relative velocities at the 
various altitudes. As before, the coohng pressure drop 



for a given exit opening was taken as a constant ratio 
of the velocity head of the free air stream. Tlie curves 
of constant exit opening are designated by the values 
of the cooling pressure drops at sea level. These curves 
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Figure 22.— Variation of equilibrium head temperature for a Wright R-182()-22 
engine with altitude for climb at constant indicated air speed (7.14:1 impeller 
ratio). 

again indicate a reduction in cylinder-head tempera- 
ture with altitude, mainly because of the reduction in 
engine power. When the engine power is held constant, 
as seen from figure 23, a very slight increase in head 
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Figure 23.— Variation of equilibrium head temperature for a Wright R-1820-22 
engine with altitude for climb at constant indicated air speed. Indicated horse- 
power constant. 

temperature with altitude is obtained. As in the case 
of level flight, the assumption is made that the cliarge 
temperature remains constant with change m altitude 
and the remarks previously made also apply to the 
case of climb. The curves in figures 22 and 23 repre- 
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sent the equilibrium temperatures for the conditions 
existing at each altitude. In a rapid climb, consider- 
able lag in the response of the cylinder temperature 
with the changing conditions is generally obtained. 

Reference 2 shows that, when the engine or the cool- 
ing conditions were suddenly changed at time t = 0 and 
thereafter held constant, the cylinder-head tempera- 
ture would approach its new equilibrium value accord- 
ing to the equation (equation (11), reference 2) 



where 



of 308° F. was attained. The curve of 1 — is seen 

to represent these data with a fair degree of accuracy. 
With the preceding chaniz-c in head temperature, the 
barrel temperature increased from 171° to 216° F. 
The factor (T,-r,^)/(T,-T,J for the barrel is also 
shown in figure 24. 

In the second case, the engine was operated with an 
average head temperature of 226° F.,an indicated ho:-se- 
power of 35.2, and a cooling-air pressure drop of 11.8 
inches of water. The pressure drop across the cylinder 
was suddenly decreased to 3.0 inches of water and the 
average cylinder-head temperature approached the new 
equilibrium temperature of 286° F. at a rate indicated 
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and the other symbols have the significance previously 
given. The terms in the foregoing equation may be 



rearranged as follows: 



Tn-T, 



= l-e 



'cM 



As t approaches infinity, the factor {Tj^—Tf^^j 
{Tn-Tn^) approaches 1. Figure 24 shows (Tn-Tn^)/ 
( Tft— Th^ plotted against time for two cases. In the first 
case, the engine was operated at an average cylinder- 
head temperature of 220° F., an indicated horsepower 
of 34.9, and a cooling pressure drop of 8.0 inches of 
water. The sudden opening of the throttle increased 
the indicated horsepower to 64.2. The measured aver- 
age cylinder-head temperature increased with time, as 
indicated in figure 24, until an equilibrium temperature 



in figure 24. The curve for the barrel temperature 
has been omitted because the change in the cooling 
condition was insufficient to have an apprecial3le 
efl*ect on barrel temperature. These curves show that, 
if a climb takes 4 minutes, the temperature of the head 
would increase, roughly, 90 percent of the difference 
between the final equilibrium temperature and the 
temperature at the start of the climl). Large diff«M*- 
ences in temperature between initial and final conditions 
might be obtained, for example, by suddenly going 
from a high forward speed into a steep climb and, in 
these cases, the cylinder temperatures for the first 4 
or 5 minutes might differ considerably from the equi- 
librium temperature. The variation of engine powi?r, 
cooling-air temperature, and mass flow with altitude 
that normally occur in climb tests introduces additioral 
lag in cylinder-head temperature, and the difficulty of 
obtaining consistent data in chmb is evident. 
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CONCLUSIONS 

1. The theory previously developed and checked on 
two (Miuine cylinders of the elfect of engine and cooling 
conditions on average cylinder temperatures was 
further substantiated by data obtained on a cylinder 
from a Wright R-1820-G engine. 

2. The methods presented for correlating and com- 
paring cooling-test data obtained on the test stand and 
in flight both for individual point- on the cylinder and 
for the entire cylinder are satislactoiy when apphed to 
data obtained on a number of service engines. 
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3. \Vhen the cooling pressure drop was suddenty 
increased and also when the throttle was suddenly 
opened, a time duration of approximately 4 minutes 
was required for the temperature rise to equal 90 per- 
cent of the total rise to equilibrium temperature. 



Langley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., Augvst 15, 1939. 



APPENDIX 



TEMPERATURE AT INDIVIDUAL POINTS ON CYLINDER 

THEORETICAL DISTRIBUTION OF TEMPERATURE AROUND THE 
CYLINDER 

The previous analysis has been confined to a discus- 
sion of average head and barrel temperatures. The 
problem of the distribution of temperature around the 
cylinder is complicated by the introduction of a number 
of additional variables. An insight into the effect cf 
some of the factors involved may be obtained from a 
consideration of the temperature distribution about a 
baffled finned cylinder containing a hot gas; the simpli- 
fying assumptions are made that the temperature of 
the gas in the cylinder, the local heat-transfer coefficient 
from the gas to the cylinder wall, and the local heat- 
transfer coefficient from the cylinder wall through the 
fins to the cooling air are constant with regard to distri- 
bution about the cylinder. By local heat-transfer co- 
efficient is meant the coefficient based on the difTerence 
between the temperatures of the wall and the fluid in 
the vicinity of the point under discussion. 

Let Qo^ represent the local heat-transfer coefficient 
from engine gas to cylinder wall and Ux represent the 
local heat-transfer coefficient from cylinder wall to 
cooling air. (The coefficient is based on cylinder- 
wall temperature and area and includes the effect of 
conduction through the fins.) 

The rate of heat transfer from the gas to a cylinder- 
wall surface of unit height and circumferential length 
dx is given by 

dI-h = q,^{T-Tn,)dx (11) 

The rate of heat transfer from the same element of 
cylinder wall to the cooling air is given by 



dHn=UAT,-T,)dx 



(12) 



The amount of heat carried away by the cooling air 
flowing over the element considered is 



dH,=c,^^'dTa 



(13) 



At equilibrium 



qox{T-T,^)dx= L\{T,^-Ta,)dx=c,^dTa, (14) 



Let 



and 



b= 



(15) 



Then 

Tn=aT,+bTa, (16) 
c,WndTa=2L\a{T- T,,)dx 
T,-T,=e-'''''"'^'^'X constant 
As Ta^=Tai (the inlet-air temperature) when x=Oy 



-2UzaxlCpWh 



(17) 



The wall temperature is given by 

T,=aT,+hT~h{T„~T„,)e-'''"""''^' 



or 



'2U,axlCr,WH 



(18) 



The heat transferred per unit of time from the engine 
gas to the cylinder wall per unit of cylinder-wall area 
is then 



(19) 



The magnitude of the exponent 2UxaxlcpWn ma}^ be 
estimated in the following manner: 



a = 



^0, 



1 



1 



The heat dissipated per unit height of cylinder aiul 
length Xt is given approximately by 

H,= UAT,--TaJx,=cJ^(T^,-T^n) 

where Xt is the circumferential distance from the front 
to the rear of the cylinder Tao is the outlet cooling-air 
temperature. The quantity a may be represented 
approximately by 



a= 



and 2U^xJcpW, becomes (Ta,- Ta,)KT,- Taj. The 
rise in cooling-air temperature across the head is gener- 
ally of the order of 80° F. for conventional cooling, Tg 
is approximately 1,150° F., and the average coolin2:- 
air temperature is about 100° F. The value of 2Uxa,'tl 
is thus approximately 0.08. 
For the barrel, the rise in cooUng-air temperature is 
generally 30° F., T, is 600° F., and is 100° F. so 
that 2Ux:axilcj,Wh is about 0.06. For these small 



22 



CORRELATION OF COOLING DATA 



FROM AN AIR-COOLED CYLINDER 



23 



values of the exponent 2UxCiXtlCpWhj the vahie of 
^-2u^axiCpWH ^jjj^ very closely represented by the first 
two terms of its series expansion. Equations (17), 
(18), and (19) may be written 

2Urax 



(20) 



(22) 



T,=T,^ ^^^" \'}}^^'''''' -h{T,-T,,) (21) 
yy h 

Thus, the cooling-air temperature and the cylinder- 
wall temperatures increase practically linearly with 
circumferential distance around the cylinder and the 
heat transferred frojn the engine gases to the cylinder 



wall per unit of cylinder-wall area is almost constant, 
decreasing slightly toward the rear of the cylinder. 
Figure 25 shows the variation of Ta^, T/,^., and dHn/dx 
calculated by the exact equations (17), (18), and (19) 
and by the approximate equations (20), (21), and (22) 
and plotted against angular position around the cylin- 
der for the head and the barrel for a typical condition; 
the difference is seen to be small. The vahies of Ux 
and goj. were obtained from the test data. 

THEORETICAL BASIS FOR CALCULATING AVERAGE HEAT-TRANSFER 
COEFFICIENTS 

From equations (21) and (20), the difference between 
the average wall temperature and the average cooling- 
air temperature is 

r.- r„„ =a(r - tJ i - ^') (23) 



400 




SO 45 0 45 SO 
Angle around cylinder, deg. 

(a) Head. (b) Barrel. 

Figure 25.— Tr mpcrature distribution around the cylinder. 
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From equation (22), the heat given off from tlie strip 
of cylinder wall of unit hei^'ht and length is 



Hh = bqo^{Tg—Ta^) 



But bq(,^=aU^ 
Dividing (24) by (23) 



(24) 



(25) 



Thus, as indicated by the foregoing sim])Hfied case, 
the difference between the average wall temperature 
and the average air temperature instead of the logarith- 
mic mean temperature difference should be used for 
obtaining the local heat-transfer coefPcient. Even 
though in an engine the local heat-transf'^r coefficients 
vary around the cylindei, the foreonm- nnMhod may 
be used to obtain an average of the local lieat -transfer 
coefficients. The average cooling-air temperature in 
the present tests was taken as one-half the sum of the 
inlet and the outlet temperatures. 

The over-all heat-transfer coefficient U based on the 
temperature difl'crence between the average wall tem- 
perature and tiie inlet-air temperature is useful because 
the heat dissipated from the fins can be calculated 
from it without knowing the tem])erature ri^c of the air 
across the fins. The relation between L and L x may 
be closely approximated by 



(26) 



Inasmuch as Vx and \\\ are functions oidy of App/po, 
for a given finned cylinder, [' is also a function only of 

The quantity Qq is defiiicd as 

From equation (21) 

T,-n=6(n-7',)(l-^') 

With this value of Tg—Tf, and the expression iov 
given by equation (24), qo becomes 



(26a) 



Thus, the internal average heat-transfer coefficient for 
the theoretical (iniK^I cylhider is calculated from the 
average wall temperature. 

METHOD FOR CORRELATING TEMPERATURES AT 1ND1VID13A1. 
POINTS ON CYLINDER BASED ON SIMPLIFYING ASSUMPTIONS 

A relation useful for plotting tempera tin^e data at 
individual points on the cylinder will now be obtained. 
From equation (21), at a given point. 



and, from the same equation, 

n-r.=6(n-r„)(i-2^^) 
, , 26 r> 



Th—Ta. a 



"6^ 2Urax 
CpWh 



The value of 2J^jr(i''!c pWn was previously shown to be 
approximately 0.08 for the head and 0.06 for the barrel. 
Therefore 

1 

, 2 Umx 



CpWn 



can be closely approximated by 

2 T^rax 



1 + 



CpW, 



as ajh =qoJi\ and a + 6 = l, the foregouig equation, 
neglecting second-order terms, becomes 



qo^ Tg—Tj,^ ^'^CpWn 
Applying equations (26) and (26a) 

£^=(l+^^£yi_^) (28) 

Inasmuch as Ux and 11'/, are functions of App/po, the right- 
hand side of equation (28) for a given ])oint .r can be 
written as a function of App/po, 

JJ T —T 

- -Tf^—TrP^M-^PP/Po) (29) 
qo J- g — -Ljix 

When Tf,^=Tf,, then /i(App/po)=^l. For other ]M)ints, 
fi{App/po) varies slightly with App/po. Equation [29) 
may also be written 



2UxX 



(27) 



{App/p,r T^x'Tg, 

1^' jr37y-=/2(A2?p/po) 



(30) 



Deviations of the observed cylinder-temperature dis- 
tribution from the theoretical values as given by the 
previous e([uations are caused by the breaking dow i of 
the original assumptions. In the practical case, the 
temperature of the gas in the cylinder and the local 
heat-transfer coefficients Vx ^nd ^o^. are not constant 
with regard to distribution around the cylinder. 
Higher values of Tg would be expected near the exhaust 
port than near the intake port as T,, is a weighted mean 
temperature over the cycle in which the weight asso- 
ciated with each temperature is the ratio of the instan- 
taneous heat-transfer coefficient to the mean coefficiiMit. 
In the vicinity of the intake port, the gas How, and thus 
the heat-transfer coefficient, is high when the tempi^ra- 
ture is low, thus giving more weight on the average- to 
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tho low teiu[)enitures; whereas, near the exhaust port, 
the gas How is liigh when the temperature is high. 

The vahies of (/o^, should be liighest near the ports 
beeause there the rate of gas flow is higliest. Tiie 
variation of (\ around the cyhnder depends on the 
ballh^ and tlie tin design. The eooling of the front 
depends lo some extent on the tuibulence of the air in 
front of the engine. Ti.e evHnder baffles usually begin 
at the 90° position. The (low between the fins may or 
may not settle down to an e(piilibrium eondition some 
distance nhcv the start of the baffled portion, depend- 
in^r on the fin design. The flow breaks away from the 
rear of the eylincUn' and eauses a region of low heat-trans- 
fer coeffleierit. Further variations are introduced by 
the changes in shape of t])o head and the changes in flu 
proportions and disi rihul Ion. Considerable variation 
in Ux around the cylinder may thus be expected. The 
effect of th(^ ciicumlVrcnt ial conduction of heat through 
the cylind(M-\v;dl nu^tid from the hot to the cold por- 
tions of th(^ cvlinder has been omitted from the previous 
analysis. 'I'his (effect would tend to some extent to 
equalize cylindcj-widl teni})erature. When all these 
effects are considered, the equation for a given point on 
the cylinder still can be showri to be expressible in the 
form given by equation (2<)) or (30) with Tg replaced 
by 7\^, the local gas temperature. 

COMPARISON OF ACTUAL AM) THKORETfC AL DISTKIBl TION OF 
TEMPERATl KE AROUND CYLINDER 

Figure 25 (a) shows the variation in nu^asured tem- 
perature around the head of the 1820-G cylinder 
compared with calculated values ol)tained from ecpia- 
tions (18) and (21) for a theoretical cylindei- having the 
same diameter, average fin dimensions, cylinder-wall 
area, and air flow as the head. The locations of the 
thermocouples notetl in figure 25 are shown ui figure 1. 
The calculated cylinder temperature increases ])rac- 
tically linearly from front to rear berause of the inci-ease 
in cooling-air temi)erature around the cylinckn- ((ig. 25). 
It is recalled that, when the calculated values were 
obtained, a uniform heat-transfer coefficient was 
assumed around the head. In the case of the engine, 
an increase in cylinder temperature from frojit to rear 
also occurs but superunposed on this rise are certain 
other eft'ects. On the intake-port side, a considerable 
drop in actual temperature below the calculated curve 



and, on the exhaust side, an increase above the calcu- 
lated curve appears. These dift'erences are obviously 
caused by the cooling eflect of the incoming charge on 
the intake side and the heating effect of the exhaust 
gases on the exhaust side. 

Figure 25 (b) shows a similar comparison between 
calculated and experimental tcjuperature distribution 
for the barrel. The experimental curves oscillate about 
the calculated curve as a mean. The cooling effect of 
the intake chai'ge and the heating efl'ect of the exhaust 
gas are also evident on the barrel but to a lesser degree 
than on the head. A considerable increase in tem- 
perature at the rear of the cylinder is also noted. This 
increase is caused by breakaway of the flow from the 
rear of the cylinder resulting in a large reduction in 
heat-transfer coefficient. The low heat-transfer co- 
efficient at the front of the cylinder can be attributed 
to the fact that the velocity of the air approaching the 
front of the cylinder is low, as seen from the diagi-am 
of the duct in figure 25, and the flow is nonturbulent. 
In the case of an engine installed in a cowling, although 
the flow area at the front of the cylinders is large, con- 
siderable large-scale turbulence exists in the flow, which 
reduces the temperatures in this region. The high 
temperatures at the front and the rear of the head are 
noted in figure 25 (a). These curves indicate that a 
simplifled analysis, which takes into consideration 
only the rise in temperature of the cooling air, is in- 
sufficiently accurate for predicting temperature distri- 
butions around an engine cylinder. An analysis of 
this type is of some interest, however, in bringing out 
the effects of the other i]n])ortant factors. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 
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Pitching 

Yawing 


Pitch 

Yaw 



Absolute coefRcients of moment 

^'~qbS qcS 
(rolling) (pitching) 



(yawing) 



Angle of set of control surface (relative to neutral 
position), 6. (Indicate surface by proper subscript.) 



D, 
P, 

P/D, 
V, 

T, 

Q, 



Diameter 
Geometric pitch 
Pitch ratio 
Inflow velocity 
Slipstream velocity 

Thrust, absolute coefficient Ct 



4. PROPELLER SYMBOLS 



F 



Torque, absolute coefficient Cq 



n. 



Power, absolute coefficient Cp= ^^3p5 

Speed-power coefficient =-y/p^ 
Efficiency 

Revolutions per second, r.p.s. 
Effective helix ^^gl®=^^^~^(^27rr7i) 



5. NUMERICAL RELATIONS 



1 hp. =76.04 kg-m/s=550 ft-lb./sec. 
1 metric horsepower^ 1.0132 hp. 
1 m.p.h. = 0.4470 m.p.s. 
1 m.p.s. = 2.2369 m.p.h. 



1 lb. =0.4536 kg. 

1 kg=2.2046 lb. 

1 mi. = l,609.35 m=5,280 ft. 

1 m=3.2808 ft. 



